The drug efflux pump P-glycoprotein possesses two common and often linked polymorphisms that result in variable drug action. G2677T results in A893S, whereas C3435T is synonymous and has been reported to alter protein folding. We tested the effect of these MDR1 variants on Human Ether-Related A Go-Go (HERG) block by ibutilide in CHO cells 48 h following transient transfection with an IRES-dsRed vector containing MDR1, G2677T MDR1, G2677T/C3435T MDR1 or an empty bicistronic site and an IRES-GFP vector containing HERG (KCNH2). Cotransfection of MDR1 variants had no effect on I Kr amplitude at baseline. Cells cotransfected with MDR1-G2677T showed resistance to ibutilide vs HERG alone (IC 50 : 105.3±1.42 nM vs 27.4 ± 2.5 nM; Po0.0001), consistent with the idea that A893S attenuates I Kr block by enhancing drug efflux and thus reducing the drug available to interact with the channel binding site. However, G2677T/C3435T cells showed ibutilide sensitivity similar to cells expressing HERG alone (IC 50 : 22.2 ± 0.9 nM). Immunostaining showed that the C3435T variant did not traffic to the cell surface. Coculture with fexofenadine(1 mM), an MDR1 substrate known to rescue misfolding in other membrane proteins, restored cell surface expression of MDR1 G2677T/C3435T and restored resistance to block HERG by ibutilide 200 nM (98.5±0.98% vs 42.3±2.2%, Po0.001). The non-synonymous MDR1 variant G2677 T (A893S) confers resistance to ibutilide block of I Kr , which is mitigated by the C3435T polymorphism through reduced protein expression, an effect that can be restored by coculture with fexofenadine. These data identify ibutilide as an MDR1 substrate and further support the concept that variable drug transport function can modulate the action of HERG blockers.
Introduction
Administration of ion channel-blocking antiarrhythmics is associated with considerable and unpredictable variability in clinical response ranging from suppression of arrhythmia to life-threatening proarrhythmia. [1] [2] [3] [4] Pharmacological antagonism of the Human Ether-Related A Go-Go (HERG, KCNH2) potassium channel, which encodes the pore-forming subunit of the protein complex responsible for carrying the delayed rectifier potassium current, I Kr , represents one well-studied mechanism of drug-induced proarrhythmia. The reduction of I Kr with drug block can lead to impaired cardiac repolarization, exaggerated QT interval prolongation and the development of torsade de pointes. 1, 2, [5] [6] [7] [8] Although numerous risk factors, including gender, hypokalemia, hypomagnesemia, bradycardia and mutations in cardiac ion channels, have been identified, the degree of QT interval prolongation and incidence of torsade de pointes remains unpredictable among patients with the same risk profile and equivalent QT intervals at baseline. 1, 3, 4, [9] [10] [11] [12] [13] The site of drug block on the HERG potassium channel complex has been identified at the intracellular face of the channel protein. 5, 6, 14 Increasing evidence from other organ systems, including the blood-brain barrier, placenta, kidney and liver, has shown that access to such intracellular sites of action can be a highly regulated process determined by xenobiotic transporters that control drug uptake and efflux. [15] [16] [17] [18] [19] [20] [21] [22] Efflux transporters generally move drugs from the intracellular to the extracellular space. They are encoded by genes belonging to the ABC (ATP-binding cassette) superfamily, which includes MDR1 (formally known as ABCB1), encoding P-glycoprotein. 23, 24 A common nonsynonymous polymorphism in MDR1, G2677T, leading to A893S, has been associated with evidence of an altered response to substrate drugs, including a blunted response to antineoplastic therapy, reduced neurotoxicity following treatment with the immunosuppressant tacrolimus and lower systemic exposure to the antihypertensive calcium channel blocker, amlodipine. [25] [26] [27] [28] [29] [30] In addition, a second synonymous polymorphism, C3435T, has been associated with altered drug response. The explanation for the latter findings is unclear, although one study reported implicated altered protein folding during translation. Evidence for this included reduced inhibition of P-glycoprotein by cyclosporine and verapamil. 31 We present here studies testing the role of wild-type and variant MDR1 on modulation of druginduced HERG block.
Results
Coexpression of MDR1*7 but not MDR1*1 modulates I Kr block by ibutilide We first examined the impact of coexpressing MDR1 constructs on the characteristics of I Kr . Figure 1 and Table 1 show that baseline current-voltage relationships and tail currents were not significantly different between groups.
Ibutilide blocked I Kr in cells expressing HERG þ MDR1*1 to the same extent as cells expressing HERG alone (IC 50 : 22.5 ± 0.9 vs 27.4 ± 2.5 nM; P40.05). This nanomolar block indicates that CHO cells take up ibutilide. However, cells expressing MDR1*7 showed a marked resistance to ibutilide (IC 50 : 105.3±1.42 nM vs 27.4±2.5 nM; Po0.0001). These data (Figures 2 and 3) suggest that the alanine-to-serine change generates a protein with the ability to enhance efflux of ibutilide.
Influence of MDR1*3 on I Kr block Drug block in cells expressing the linked haplotype MDR1*3 unexpectedly did not show the same resistance to ibutilide block as the cells expressing MDR1*7, with an IC 50 similar to that for MDR1*1 (IC 50 : 25.9 ± 2.1). As discussed above, one possible explanation for this finding is that the reported altered protein folding and cell surface expression caused by C3435T might influence drug block by ibutilide. We reasoned that rescuing cell surface expression might therefore restore the effect of the A893S change. We therefore examined the effect of fexofenadine on HERG block by ibutilide and surface expression of MDR1*3. We selected fexofenadine because it is an MDR1 substrate shown to rescue misfolded HERG mutants, but does not suppress I Kr . 32 To test the effect of fexofenadine, we evaluated a high concentration of ibutilide, 200 nM, which suppressed I Kr by 98.5±2% in the absence of MDR1. Culture of HERG þ MDR1*3 cells with fexofenadine-supplemented media produced a marked resistance to ibutilide-induced I Kr suppression relative to cells cultured in the absence of fexofenadine (98.5 ± 0.98% vs 42.3 ± 2.2%, Po0.001). Furthermore, in HERG þ MDR1*3 cells cocultured with fexofenadine, we were unable to completely suppress peak tail current using concentrations up to 2 mM. (Figure 4) .
Immuofluoresence studies shown (Figure 5a -c) demonstrated that MDR1*3 surface expression was increased by fexofenadine. In the absence of fexofenadine, cells transfected with MDR1*7 showed surface staining, whereas those cells transfected with MDR1*1 or MDR1*3 did not. 
8.7 ± 0.6 8.7 ± 0.8 8.7 ± 1.7 8.9 ± 1.0 n ¼ 7 each; all P values 40.9. Peak tail current: pA/pF at À40 mV after a depolarizing pulse to +60 mV. Time constant of (Tau) activation (ms): monoexponential fit to activating current during a pulse to +40 mV. Time constant of (Tau) deactivation: (ms): monoexponential fit to deactivating current at À40 mV after a depolarizing pulse to +40 mV. V 1/2 is defined as the voltage at which maximum current amplitude occurred in mV. Notably, exposure to fexofenadine during culture did not alter MDR1*1 cell surface expression (Figure 5a ) or block by ibutilide ( Figure 4 ). This indicates that the combined G2677/ C3435 haplotype does not traffic to the cell surface in CHO cells and thus does not actively export ibutilide.
Discussion
In this study, we showed that ibutilide-induced block of HERG and the ensuing suppression of I Kr are blunted by coexpression of the variant, MDR1*7, but not wild type. Interestingly, subsequent immunostaining shows that the MDR1*7 variant was expressed at the cell surface, whereas MDR1*1 was not. When we evaluated the functional effect of the linked haplotype, G2677T/C3435T (that is, MDR1*3), the IC 50 for ibutilide-induced HERG block was similar to control cells expressing HERG alone. This raised the unanticipated possibility that the synonymous C3435T polymorphism contributed to this effect. As the C3435T polymorphism has been reported to alter folding of the MDR1 protein during translation, we supplemented our culture media with fexofenadine. Fexofenadine was selected because of data that the drug, an MDR1 substrate and not a HERG blocker, restored cell surface expression of certain misprocessed HERG mutants. 31 Fexofenadine-supplemented media restored MDR1*3-mediated resistance to HERG block to the extent that we were unable to completely suppress I Kr at concentrations exceeding 2 mM.
Immuofluoresence studies support this idea, in that protein from the combined G2677T/C3435T haplotype (that is, MDR1*3) was shown at the cell surface only in the presence of fexofenadine coculture. This finding has two important implications. First, our finding lends further support to the notion that this 'silent' coding-region polymorphism exerts a functional effect. Second, our data also contribute to the idea that concomitant medications that are thought to be innocuous, such as fexofenadine, may obscure the ability to determine the influence of a particular genotype or haplotype on pharmacokinetic parameters in human association studies.
Influence of the C3435T polymorphism on drug transport is variable Two association studies report functional differences between MDR1*3 and MDR1*7 and so appear to support our results. In a cohort of patients with schizophrenia treated with olanzapine, a dopamine receptor antagonist, patients with the G2677T/C3435T haplotype (that is, MDR1*3) showed a marked improvement in objective measures of treatment response compared with MDR1*7. 33 The influence of the G2677T/C3435T haplotype was also assessed in a cohort of 89 patients receiving the antimalarial agent mefloquine. In this study, presence of G2677T/C3435T resulted a higher incidence of neurological adverse effects relative to those without this haplotype, suggesting that the linked haplotype led to an increased drug concentration in the central nervous system. 34 P-glycoprotein is expressed on the vascular endothelium of the blood-brain barrier, so these results are in general agreement with our data that the G2677T/C3435T polymorphism leads to reduced drug efflux.
Several association studies do not support our results. Two cancer studies associated the MDR1*3 haplotype with a higher rate of treatment failure relative to MDR1*1. However, it is not known whether the drugs used (idarubicin/ cytaribine or etoposide) can alter MDR1 trafficking or if these compounds are transported by a different MDR1 haplotype. 31, 35, 36 A similar result was observed in a cohort of Japanese patients: MDR1*3 was associated with resistance to antiepileptic therapy with carbamazepine (a sodium channel blocker and inducer of CYP3A4) relative to MDR1*1. 37 As CYP3A4 and P-glycoprotein share common elements of transcriptional regulation, it may be possible that carbamazepine induced surface expression of P-glycoprotein (similar to our results with fexofenadine) or that carbamazepine is transported by a different MDR1 haplotype.
Implications for ion channel antagonists
Medically intractable epilepsy is a disorder in which ion channel blocker therapy is used to suppress abnormal ion channel activity. Using a model of medically intractable epilepsy in rodents, Clinckers et al. 38 showed that the sodium channel blocker oxcarbazepine produced only an antiepileptic effect in the presence of the P-glycoprotein inhibitor verapamil and the nonspecific multidrug resistance protein inhibitor probenecid. In another study, brain concentrations of the sodium channel blocker phenytoin were inversely proportional to MDR1 mRNA expression. 39 Although the mechanisms underlying variable MDR1 expression are not known, one possibility is that the disease modulates gene expression. The recognized electrical remodeling in atrial fibrillation [40] [41] [42] raises the possibility that disease-mediated alterations in protein expression could be an additional mechanism leading to drug resistance in this arrhythmia.
Limitations
The cells used express neither gene studied, but it is possible that they express other related transporters (although this would not explain our results). We assessed transport function in a heterologous expression system that limits the interaction to one drug target (that is, HERG) and one transporter (that is, P-glycoprotein). Future studies will be needed to compare this model with similar experiments in cardiomyocytes. We did not directly assess protein folding, thus the effect of fexofenadine on protein folding is inferred. Although we did not directly measure intracellular ibutilide concentration, the effects shown here identify ibutilide as a substrate for P-glycoprotein, which may have important implications for the management of patients with atrial fibrillation. In fact, our results validate the approach of assessing a drug effect, not by measuring concentration, but by a direct evaluation of pharmacological action mediated by a drug interacting with an intracellular target. Rare mutations in KCNH2 are one cause of the congenital long QT syndrome; it is possible that transporter coexpression could modulate drug sensitivity of mutant channels.
Conclusions
In a heterologous system, we showed that the functional variant in MDR1, G2677A, leading to Ala893Ser, confers resistance to ibutilide-mediated HERG block. However, when a plasmid encoding MDR1*3 was studied, we unexpectedly found that the protein does not traffic to the cell surface and thus failed to confer resistance to ibutilide. Immunofluorescence data suggested that the effect of the silent C3435T polymorphism in MDR1*3 can be rescued by fexofenadine. The effect of MDR1 variants on the pharmacodynamic effects of ibutilide strongly suggests that variable function of drug transporters is a potential mechanism for resistance to antiarrhythmic pharmacotherapy.
Materials and methods

Cell preparation
Chinese hamster ovary cells (CHO-K1, ATCC) were grown at 37 1C in 5% CO 2 in F-12 nutrient mixture medium supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, GA, USA), 2 mmol l À1 L-glutamine and penicillin (50 U ml À1 )-streptomycin (50 mg ml À1 ). CHO cells were selected because they do not have endogenous potassium currents and do not express MDR1 as assessed by reverse transcriptase-PCR and western blot. In each experiment, cells were cotransfected (Fugene HD, Roche Laboratories, Nutley, NJ, USA) with two separate bicistronic plasmids. One encoded a red-fluorophore (IRES-dsRed) with HERG and the second contained a green fluorophore protein (IRES-GFP) with either an empty bicistronic site, wild-type MDR1 (HERG þ G2677/C3435; MDR1*1), the G2677 T variant alone (HERG þ G2677T/C3435; MDR1*7) or the linked haplotype (HERG þ G2677T/C3435T; MDR1*3). The G2677T and C3435T variants were introduced by site-directed mutagenesis of the wild-type MDR1 clone. The ratio of wild-type or variant MDR1 and HERG plasmids relative to Fugene HD was 2 mg/2 mg per 20 ml. In some experiments, the effects of media supplementation with fexofenadine (1 mM), a drug that does not suppress I Kr and has been reported to rescue misfolded HERG mutants, were assessed. (22 1C) . Data were acquired using the whole cell patch configuration through an Axopatch 200B amplifier (Axon Instruments Inc., Foster City, CA, USA) at 1-10 kHz after anti-alias filtering at less than 50% of the sampling frequency (5 kHz). 43 The holding potential was À80 mV. The standard protocol to obtain current-voltage relations and activation curves consisted of 1-s steps that were imposed in 10-mV increments between À80 mV and þ 60 mV, followed by 1 s at À40 mV to measure deactivating tail currents. The cycle time for protocols was 15 s or slower. Under these conditions, I Kr is stable for 460 min in the absence of a drug intervention. 44 After collection of baseline data, the I Kr blocker ibutilide was added to the perfusate while pulsing to þ 20 mV was applied every 15 s. I Kr was monitored, and when a new steady state was reached (generally in 5 min), data in the presence of drug were collected. Ibutilide concentration was increased in stepwise increments from 200 pM to 2 mM in the same cell. The IC 50 and 95% confidence intervals for each group was calculated using the Hill equation (I ¼ I[/IC 50 /D n ]). In experiments using fexofenadine (see below), 1 mM of drug was added to the medium, transfected cells were then cultured for 48 h, drug was washed out and I Kr was subsequently assessed.
Immunofluorescence and confocal microscopy To evaluate cell surface expression of P-glycoprotein, CHO cells were cultured in two-chamber tissue culture slides (Becton-Dickinson Falcon, Franklin Lakes, NJ, USA) and transfected with MDR1*1, MDR1*3 or MDR1*7 using Fugene HD at a ratio of 1 mg/5 ml. On each slide, one well contained cells cultured in untreated media, whereas the other well contained cells cultured in fexofenadine (1 mM)-supplemented media. After 48 h, media were removed and cells were washed in 1 Â phosphate-buffered saline (PBS) three times for 5 min each, fixed with 4% paraformaldehyde for 15 min and washed with 1 Â PBS for 5 min. Protein block was established using 1 Â PBS with 10% bovine serum albumin for 4 h. Primary anti-P-glycoprotein antibody (Santa Cruz BioTechnology, Santa Cruz, CA, USA) was introduced in blocking solution at a 1:250 dilution and subsequently incubated at 4 1C overnight (18 h). Primary antibody was removed and slides were successively washed with protein block solution three times each for 30, 15 and 5 min. Protein block was continued for an additional 30 min. GFP-conjugated anti-mouse secondary antibody (Sigma-Aldrich, St Louis, MO, USA) was subsequently introduced at a 1:5000 dilution and incubated at 22 1C for 4 h. Cells were then washed with 1 Â PBS three times each for 30, 15 and 5 min. To visualize the cell membrane, di-8-ANEPPS (0.05 mg ml À1 ) was introduced after the last rinse for 60 s, removed and the cells rinsed with 1 Â PBS for 5 min. Experiments with all three constructs were carried out simultaneously, in triplicate, and repeated three times.
All cell groups were visualized on an LSM 510 META confocal microscope with a Â 63/1.4 (oil immersion) magnification in differential interference contrast (DIC) mode, a pinhole diameter of 204 mM and a wavelength intensity of 10% at 633 and 488 nM in a plane, multitrack 8-bit configuration. Surface expression was assessed in the overlay mode and prospectively defined as the presence of yellow fluorescence on the entire circumference of the cell. The proportion of cells per field showing yellow fluorescence about the entire cell circumference was compared between groups in the presence and absence of fexofenadine.
Data analysis
To determine the influence of MDR1 variants on drug block, intergroup comparisons were made between cells expressing HERG alone, HERG þ MDR1*1, HERG þ MDR1*3 and HERG þ MDR1*7 using one-way analysis of variance with a post hoc Bonferroni correction for individual pairwise comparisons. Individual pairwise comparisons using the Student's t-test were used to assess the impact of fexofenadine on trafficking of P-glycoprotein between treated and untreated cells transfected with the same construct. Membrane surface expression of P-glycoprotein was determined by a single operator with pairwise comparisons between fexofenadine-treated and -untreated cells performed using the w 2 test for categorical data.
